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Abstract— An array comprising four Si µ-cantilevers coated1
with nanoporous functionalized ETS-10 crystals sub-micrometric2
in size has been developed as a multisensing platform for3
explosives recognition in vapor phase. The detection capabilities4
of the proposed device have been tested for common taggants5
[such as 1-methyl-2-nitro-benzene (o-MNT)] and explosives6
(commercial detonation cord, a plastic tube filled with pentaery-7
thritol tetranitrate (PETN); and C-4, a mixture of RDX, bindersAQ:1 8
and plastifiers). The general strategy for the detection of explo-9
sives in vapor phase is based on the characteristic fingerprint each10
one produces as a result of the dissimilar chemical interactions11
between the ETS-10 coated µ-cantilevers and the target molecules12
emanating from the explosives and swept by ambient air.13
A portable lock-in amplifier has been implemented to exploit the14
truly benefits of the array in terms of portability, reduced size,15
and energy consumption. Such low-power electronic interface is16
capable of creating the excitation signal as well as obtaining the17
response values of four resonating µ-cantilevers simultaneously.18
The resulting sensing platform has successfully been applied for19
the o-MNT, PETN, and RDX detection at trace level.20
Index Terms— ETS-10, explosives, gas sensing, nanoporous21
coatings, portable lock-in amplifier, o-MNT, PETN, RDX.22
I. INTRODUCTION23
IDENTIFICATION and quantification of explosives have
AQ:2
24
gained importance among emerging topics of research.25
In situ detection of explosives is of major importance for the26
public and private sector in several applications related to local27
law enforcement, homeland security and defense. In recent28
years, explosive-based terrorism has grown enormously since29
the use of improvised explosive devices (IEDs) is growing30
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in number and sophistication. In 2014, EU policy defined its 31
own security strategy to respond to existing and emerging 32
CBRN-E (Chemical, Biological, Radiological, Nuclear and 33
Explosive) threats [1]. Accordingly, extensive efforts have 34
been devoted to the development of innovative and effective 35
detectors, capable of monitoring explosives both in time and 36
location. Unfortunately, the reliable detection of explosives 37
still represents a challenging task [2]. In theory, any chemical 38
analysis scheme should be applicable for concealed explosives 39
detection. Indeed, nearly all known instrumental methods have 40
already been investigated for their applicability. However, none 41
of the methods investigated to date solves the simultaneous 42
problems of sensitivity, selectivity, reliability and speed 43
required. This partly stems from the fact that explosives 44
are composed of many chemicals, many being notoriously 45
difficult to detect due to their physical and chemical properties. 46
The main problem as far as vapor phase detection is 47
concerned is their low vapor pressure in the pure form (from 48
10−2 Pa to 10−9 Pa at 298K). Then there is the problem of 49
selectivity: the ability of the sensor to discriminate between 50
explosive markers and a wide variety of volatile hydrocarbon 51
products accompanying most modern travelers (cosmetics, 52
parfums, synthetic fabrics...) must be guaranteed to avoid false 53
alarms. The most effective and efficient method in current use 54
is sniffing dogs [3], but they suffer from some limitations 55
like behavioral variations and underperformance over time. 56
Based on the same principle, the so called electronic nose 57
-a device composed of hundreds of not highly selective and 58
reversible chemical receptors located in an array format [4] 59
that generates a response pattern mimicking the mammals 60
olfaction system- outstands as one of the most promising 61
alternative. The progress achieved in the field of chemical 62
sensors during the last decades has been truly outstanding, 63
leading to a continuous lowering of sensitivity limits. This 64
has been driven in large part by the development of 65
MEMS [5], [6]. Even though, commercial solutions for threats 66
detection using MEMS technology are rarely available [7]. 67
In view of the molecular recognition properties that 68
nanoporous solids can achieve, our general strategy for 69
reproducible and reliable vapor detection of explosives 70
involves the combination of nanoporous sorbents as sensing 71
materials and Si cantilevers provided with integrated heating 72
elements as tiny microbalances. Particularly, zeolite type 73
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nanoporous materials have been already deployed as sensing74
coatings on cantilevers due to their molecular recognition75
and highly tunable adsorption properties [8]–[11]. The76
potential of novel nanoporous framework materials, such as77
mixed octahedral-pentahedral-tetrahedral frameworks (OPT)78
containing different transition metals [12], has been scarcely79
explored for selective chemical detection. Owing to its80
wide-pore nature and thermal stability, ETS-10 is arguably the81
most important OPT microporous titanosilicate (SiO4, TiO6).82
Thus, the herein presented results on explosives detection83
are those obtained with ad-hoc synthesized ETS-10 type84
titanosilicates deposited over resonating Si μ-cantilevers by85
evaporative microdropping technique. Special emphasis has86
been devoted to the study of post-synthesis treatments, i.e.87
surface functionalization and Ti enrichment, on the sorption88
properties and sensing performance.89
II. EXPERIMENTAL90
A. Microfabrication of Si μ-Cantilevers91
The micromechanical structures herein used were fabricated92
from n-type SOI (silicon on insulator) wafers by using93
standard optical lithography and bulk micromachining94
technologies with five-levels of masks [13]. In general,95
μ-cantilever sensors are configured to work as tiny96
microbalances with theoretical mass detection limits around97
50 fg for standard fabricated devices. For dynamic mode98
operation, the effective mass change (m) due to vapor99
sorption on the beam could be calculated from the resonance100
frequency changes (f) by using the following equation (1):101
m = S−1 ·  f =
⎛
⎝−r−1n · L3w
√
ρ3
E
 f
⎞
⎠ (1)102
where S is the theoretical mass sensitivity, and depends103
on: cantilever dimensions (L length and w width) and104
material properties (ρ density and E Young modulus); and105
frequency mode parameter (rn = 0.1615 for fundamental106
vibration mode). In this work, μ-cantilevers 200 μm wide,107
15 μm thick and from 500 to 535 μm in length have been108
used. Thus, theoretical mass sensitivity (S) values ranging109
from 16 to 20 Hz/ng are estimated from equation (1). With110
the final aim of miniaturization and integration, individual111
heating wires, actuation of the cantilever and mechanical112
resonance detection are integrated on each cantilever. The113
actuation is based on the induced Laplace electromagnetic114
force due to the coupling between the perpendicular magnetic115
field created by the magnet allocated on the chip basis and the116
electrical current passing through the coil patterned on the top117
surface of the μ-cantilever. In order to detect the cantilever118
oscillation, semiconductor strain gauges are implanted at the119
surface of the microstructures which are arranged in half120
Wheatstone bridge configuration. A first gauge is localized121
where the stresses are maximum (the clamped-end of the122
beam); and the other reference gauge is on the rigid substrate.123
B. Low Power Electronic Interface for a Multi-Sensing124
Platform Comprising 4 μ-Cantilevers125
A portable low-power electronic readout interface has been126
developed on ad hoc basis (Fig.1). Thus, the truly benefits of127
Fig. 1. Block diagram of the readout system.
the multi-sensing platform in terms of portability, reduced size 128
(110 ×90 mm2) and energy consumption (circa 69 mW while 129
measuring) are greatly exploited. For this particular case, 130
a suitable readout system must generate in parallel 4 different 131
excitation signals at specific frequency values, which in fact, 132
are continuously modified as a function of the gas phase 133
composition and operating temperature. Furthermore, the 134
4 μ-cantilevers electrical outputs should be measured. 135
To address this issue, the proposed electronic interface 136
prototype, powered through a universal serial bus (USB) con- 137
nected to a host computer, comprises the following three main 138
blocks: i) a power supply that generates the DC levels 139
required by both the sensors and the electronic interface; 140
ii) a readout system based on a compact lock-in 141
amplifier (LIA); and, iii) a microcontroller that manages 142
the system operation: DC excitation for the piezoresistors, 143
AC current bias for the actuation wire, system temperature 144
control, frequency selection for the lock-in signals, LIA output 145
reading and host computer communications. 146
The application of this technique to μ-cantilever oscillation 147
characterization has been already tested in [14] where the 148
system was applied to a single cantilever. In order to extend the 149
same solution to μ-cantilever arrays, the new design must be 150
capable of simultaneous sensor readout. In this particular case 151
limited to 4 μ-cantilevers, a low cost low-power microcon- 152
troller Atmega 1281 is used. It controls the output frequency 153
of the numerically controlled oscillators (NCO) that generate 154
the four pairs of control signals required for the measurements. 155
In addition, each pair of NCOs provides an excitation signal to 156
its corresponding sensor. By properly multiplexing the output 157
signal from the μ-cantilever and one of the NCOs pairs, 158
the compact LIA provides the corresponding measurements 159
to the microcontroller. The core of the proposed portable 160
readout block is a low-voltage low-power dual phase sensitive 161
detection (PSD) based LIA. It carries out the data acquisition 162
from the sensor output signals, thus recovering amplitude and 163
phase values regardless of phase deviations produced by the 164
sensors [15], [16]. This configuration, together with a new 165
algorithm [15] capable of handling square signal as sensor 166
excitation, constitutes a clear innovation for portable sensing 167
systems. 168
C. Titanosilicate Type Nanoporous Coating Preparation 169
Unlike zeolites, the basic properties of ETS-10 type 170
nanoporous titanosilicates enlarge the variety of interactions 171
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TABLE I
SURFACE FUNCTIONALIZATION CONDITIONS FOR THE AS SYNTHESIZED ETS-10 TYPE TITANOSILICATES
between the target molecules and the chemical receptors.172
Owing to the framework-centered two-minus charge at the173
Ti4+ site, ETS-10 presents interesting opportunities to exploit174
on the basis on its ion-exchange capability and low acidity.175
Thus, the ETS-10 surface chemistry (Lewis base character) is176
particularly adequate for sorption of electron acceptor177
molecules, such as nitroderivates. In fact, acid-base interac-178
tions (i.e. Meisenheimer complexes), and/or charge transfer179
complexes formation (i.e. π-π stacking) are those commonly180
promoted for nitroderivates sensing [4], [17]. The porous struc-181
ture of ETS-10 is defined by 12-membered ring units along182
the three dimensions. These are straight along [100] and [010]183
(pore opening 0.49 nm × 0.76 nm) and crooked along the184
direction of disorder. In this respect, ETS-10 exhibits excellent185
diffusion characteristics for guest species.186
For this work, ETS-10 (Si/Ti=5.5) submicrometric in187
size, sample denoted as ETS-10_1, has been hydrothermally188
synthesized at 503 K during 24 h following the published189
recipe by the authors [18]. The Ti enrichment of ETS-10,190
sample denoted as ETS-10_2, is based on reported protocols191
for Al enrichment on zeolites [19]. Firstly a 0.05 M solution of192
sodium metatitanate (99.9% Aldrich, 200 mesh) was prepared.193
ETS-10_1 powder was added to the prepared solution194
(1:20 wt ratio), and kept under stirring during 10 min. Then,195
sodium hydroxide pellets (Aldrich) were carefully added to196
the solution until pH = 13, and kept under mechanical stirring197
for 2 h at room temperature. Afterwards, the resulting solution198
was put in a Teflon autoclave for recrystallization at 443K199
during 12 hours.200
The surface functionalization process is carried out over201
as synthesized ETS-10 crystals by covalent linkage using202
organosilanes as coupling agents. In particular, imidazolin-203
1-glycidylpropyltriethoxysilane and 3-aminopropyltrie-204
thoxysilane groups are grafted on the external nanoporous205
surface for the preparation of IGPTS/ETS-10_1 and206
NH2/ETS-10_1 samples, respectively. For such purposes,207
ETS-10_1 powder, previously dried under vacuum,208
is introduced in a three-neck round bottom flask filled with209
Ar to avoid hydration. Then, anhydrous solvent is injected210
and the resulting dispersion is sonicated for 15 minutes211
TABLE II
SYNTHESIZED NANOPOROUS TITANOSILICATES FOR
NITRODERIVATES DETECTION
under Ar atmosphere. Once the solvent reflux temperature 212
is achieved, the organosilane is added under mechanical 213
stirring and kept overnight. The specific conditions for 214
each functionalization procedure are shown in Table I. 215
Resulting materials were characterized by means of 216
energy-dispersive X-ray spectroscopy (SEM-EDX), 217
thermogravimetric analysis (TGA) for water uptake estimation 218
and Ar physisorption to evaluate composition and textural 219
properties: specific surface area for adsorption (SBET), and 220
total pore and micropore volume values, respectively. Table II 221
summarizes the main characteristics of the as prepared 222
solids. 223
The Si μ-cantilevers have been coated with ETS-10 224
crystals by evaporative microdropping technique [10], [11]. 225
In particular, an ethanolic dispersion of each material (4% wt.) 226
is spread on the μ-cantilever top surface using piezo- 227
driven inkjet printing technology (MD-E-201H, Microdrop 228
Technologies). For a proper control of the sensing material 229
location over the Si transducer, the instantaneous solvent 230
evaporation is induced during the dispensing process by means 231
of the meander-type heating resistor. This integrated heater is 232
also used at the end of the programmed detection sequences for 233
a proper degassing of the nanoporous materials to ensure the 234
full recovery of their sorption capabilities. Thus, regeneration 235
cycles (power comsuption circa 300 mW), leading to average 236
temperature values on the beam circa 435 K, and 15 min 237
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TABLE III
MAIN CHARACTERISTICS OF THE ETS-10 MODIFIED μ-CANTILEVERS
Fig. 2. a) Sensor chamber where the μ-cantilever array is located. b) Top
view of the Si μ-cantilever array. SEM images of the ETS-10 coatings.
in duration have been systematically applied for a reliable238
and reproducible operation. Fig. 2.b shows the μ-cantilever239
array where SEM insets for each modified beam have been240
also included. The main characteristics of the 4 coated241
Si μ-cantilevers mostly used in this work are compiled242
in Table III. As it can be observed, the coating loading varies243
from 84 ng up to 363 ng. Consequently, the sensor’s response244
has been normalized per mass of sensing material for a proper245
comparison.246
D. Gas Sensing Measurements247
The Si array comprising 4 μ-cantilevers pairs is firstly248
assembled on a PCB. Afterwards, it is placed in a custom249
sensor chamber with circa 1 cm3 of free volume (see Fig. 2.a).250
The main gas inlet is distributed to four individual251
Fig. 3. Reproducibility of the response from four identical μ-cantilevers
coated with NH2/ETS-10_1 subjected to C6H14 detection (1000 ppmV)
during consecutive sessions.
microchannels that deliver the gas stream to each 252
μ-cantilever pair. Thus, a cross-flow through the cantilever 253
is ensured to maximize the interaction of the sample with the 254
sensing elements. This gas-solid contact-mode configuration 255
aims to reduce mass transfer limitations in the sorption 256
process of target molecules present at trace level. 257
The platform was preliminary tested on the hexane detection 258
to assess about the reproducibility of the measurements. 259
For such purposes, samples from certified gas cylinder 260
containing 1000 ppmV of n-C6H14 in N2 were evaluated. 261
Fig. 3 summarizes the registered response values for 262
four μ-cantilevers all of them coated with NH2/ETS-10_1. 263
Each sensor was subjected to the same sensing cycle 264
(10 min C6H14-10 min N2-10 min C6H14-10 min N2-final 265
regeneration) during consecutive sessions (up to 9). The 266
observed deviations for the steady-state response values 267
towards 1000 ppmV of n-C6H14 are mainly attributed to the 268
distribution of the sensing material over the meander-type 269
heating resistor. The ETS-10 location on the cantilever beam 270
is clearly affecting the regeneration process, the sorption 271
behavior, and consequently the sensor performance. It can be 272
seen that the baseline is not fully regained during the 10 min 273
measurement in dry N2 (99.999 % purity). Accounting from 274
the obtained results, the adsorption/desorption frequency shift 275
ratio (fads/fdes) has been identified as one of the most 276
distinguished features of the chemical recognition process. The 277
statistical analysis reveals fads/fdes values of 1.54 ± 0.12 278
and 1.13 ± 0.03 for the 1st and 2nd hexane step, respectively. 279
Based on this parameter, the multisensing platform would 280
accomplish with the criterion of reproducibility. 281
Table IV summarizes the main characteristics of the 282
explosive related molecules studied in this work [20]. Firstly, 283
the multisensing platform with cantilevers 1, 2, 3 and 4 284
(see Table III), was evaluated for 1-methyl-2-nitro-benzene 285
(o-MNT) detection to verify the promoted sorption properties 286
of the as prepared solids. This compound is recognized by 287
the International Civil Aviation Organization as taggant for 288
plastic bonded explosives. In this particular case, gas streams 289
containing the desired species are prepared by bubbling N2 290
(purity 99.999%) at set flowrates through saturator trains 291
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TABLE IV
PROPERTIES OF THE EXPLOSIVE RELATED COMPOUNDS
TESTED IN THIS WORK
kept at controlled temperature and further N2 dilution. Thus,292
concentration levels around 25 ppmV for o-MNT and293
10000 ppmV for water (∼30% RH at room temperature)294
in 80 mL(STP)/min of N2 are obtained.295
Secondly, the multisensing platform was evaluated for296
two explosives widely used in both military and civil297
applications: detonation cord and C-4. Detonation cords are298
thin, flexible plastic tubes filled with PETN (pentaerythritol299
tetranitrate), with a relative effectiveness factor referred300
to TNT, denoted as RE, of 1.66. The C-4 is a common plastic301
explosive composed of 91% RDX (also known as cyclonite or302
hexogen), 5.3% plastifier (commonly diethylhexyl or dioctyl303
sebacate), 2.1% binder (polyisobutylene) and 1.6% SAE304
10 non-detergent motor oil. Unlike o-MNT (liquid at room305
conditions), solid explosives detection fashion was performed306
in the lab simulating real field conditions. Thus, a small307
amount of explosive (∼500 mg) was placed in a hermetic308
glass container of 2.5 L. In order to avoid high humidity309
conditions, the bottom of the recipient was filled with a310
desiccant material (silica gel). The challenging detection of311
explosives is further exacerbated by their inherently low vapor312
pressure: 1.2×10−8 Pa in the case of PETN and 4.1×10−9 Pa313
for RDX at room conditions. For the sensing experiments314
herein performed, the solid samples were heated up to 343K315
to increase the generation of vapors emanating from the316
solids.317
Like currently available trace detection systems, the inlet318
sample contains the air from the vicinity of the solid. Sample319
collection is performed on the glass container with the aid of a320
micro air pump (Xavitech®AB), which pulls the sample into321
the sensor chamber (see Fig. 4). Due to the hydrophilic322
properties of the sensing materials (water uptake values323
ranging from 7.9% up to 56.9% wt), the ETS-10 nanoporous324
coatings were carefully regenerated with anhydrous air325
Fig. 4. Experimental layout for the prototype testing with real solid
explosives.
Fig. 5. Evolution of the resonance frequency shift of the multisensing
platform in presence of o-MNT (25 ppmV).
previous to any sensing experiment with real explosives. 326
For such purposes, the sweeping air was pumped through a 327
radial fixed bed sorbent trap of commercial zeolite 3A beads 328
(Si/Al=1.55). 329
III. RESULTS AND DISCUSSION 330
A. o-MNT Detection in Synthetic Gas Mixtures 331
Fig. 5 shows the frequency shift variation of the 332
multisensing platform upon the introduction of two consec- 333
utive o-MNT (25 ppmV) steps 10 min in duration with an 334
intermediate N2 flushing. Similar experiments, not shown 335
here, were carried out for water (10000 ppmV). The main 336
parameters derived from such measurements are summarized 337
in Table V. 338
As it was expected, the surface properties affect on sensor’s 339
response. Among the studied functionalization procedures, 340
the amino grafting (NH2/ETS-10_1) and the Ti enrichment 341
(ETS-10_2) lead to affinity enhancement towards o-MNT 342
compared to pristine counterpart (ETS-10_1). The sorption 343
capability of amino grafted sample is 2.6 fold higher than the 344
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TABLE V
SENSING PERFORMANCE OF ETS-10 MODIFIED μ-CANTILEVERS FOR
SINGLE o-MNT AND WATER DETECTION
exhibited by bare titanosilicate (1.3% wt. versus 0.5%wt for345
NH2/ETS-10_1 and ETS-10_1 respectively). This behavior is346
explained on the basis of the electron deficient character of347
the nitroaromatic explosive, and the electron donor properties348
of grafted amine groups [4], [17]. A similar effect,349
but less notorious, is observed for the Ti enriched350
coating (ETS-10_2). The basic properties promotion leads351
to charge transfer from Ti4+ to the aromatic ring and352
electron-withdrawing nitro group. This coating presents353
o-MNT pseudoequilibrium value of 0.9% wt. versus 0.5%wt354
for pristine ETS-10_1.355
On the other hand, the imidazole grafted sample,356
IGTPS/ETS-10_1, is the less sensitive towards o-MNT. This357
fact is attributed to its extremely high functionalization degree358
(up to 8.4 mmol of grafted organosilane per g of ETS-10).359
Based on Ar physisorption analysis, the volume of micropores360
in pristine ETS-10_1 sample, circa 78% of total pore volume,361
becomes negligible after imidazole grafting. Our explanation362
relies on the micropore clogging by hydrated organosilane363
molecules grafted on the external surface of the crystals.364
This bulky network hinders the diffusion of target analytes365
through the ETS-10 microporous framework. Among the366
tested, NH2/ETS-10_1 represents the optimal trade-off367
between external surface modification and exposed volume of368
micropores.369
The response recovery after N2 flushing, expressed as370
fads/fdes, for the cantilever modified with NH2/ETS-10_1 is371
the less pronounced. This observation is related to the sorption372
heat involved [13] and underlines the importance of degassing373
conditions [11] for a reusable, reliable multisensing platform374
for explosives. The regeneration protocols herein used ensure375
the recovery of the sorption capacity for the ETS-10 deposits376
over the heating resistor.377
In a step further and with the final aim to characterize the378
sorption kinetics from single o-MNT experimental results, the379
following equation (2) has been used:380
Y = Yeq
(
1 − e tt1
)
(2)381
where: Yeq (ngads/ngcoating) is the amount of sorbate molecules382
per ETS-10 sorbent under pseudo equilibrium conditions, for383
a given analyte concentration in the gas phase; and, t1 is384
the time required to reach an average amount of sorbate385
equals to 0.63·Yeq . As can be seen in Table V, the kinetic386
Fig. 6. Evolution of the resonance frequency shift of the multisensing
platform in presence of ambient air (blank assay).
response of each one of them is clearly different. Thus, both 387
Yeq and t1 parameters, together with the response recov- 388
ery (fads/fdes), outstand as the most relevant features 389
of the molecular fingerprint provided by our platform. The 390
cantilever 1 shows the faster response due to the higher specific 391
surface area of the ETS-10_1 coating (316 m2/g). Excluding 392
cantilever 3 modified with IGPTS/ETS-10_1, all the sensors 393
show t1 values less than 80 s. Recent efforts are focused on a 394
more compact system design to reduce dead volume with the 395
final aim to improve response time. 396
From the set of o-MNT experiments, the calculated 397
gas sensitivity values ranges from 0.19 Hz/ppmV in 398
cantilever 3 to 1.58 Hz/ppmV for cantilever 4. Accounting 399
from the experimental signal noise of the portable system, 400
limit of detection (LOD) values below 2 ppmV are obtained 401
for cantilever 4. In general, the sensing performance of the 402
as prepared titanosilicates is worse than the already reported 403
for Co exchanged BEA type zeolites [13], [14] under similar 404
conditions (∼0.1 ppmV). 405
The water sorption on the ETS-10 nanoporous coatings 406
has also been analyzed due to the unavoidable presence of 407
humidity as interference. It is found that all the post-synthesis 408
treatments increase the water uptake (see Table V). 409
However, this effect is quite remarkable for amino-grafted 410
and imidazole-grafted samples in agreement with the intrinsic 411
properties of the coupling organosilanes. Especially noticeable 412
is the behavior of cantilever 3 coated with 413
IGPTS/ETS-10_1. The water pseudoequilibrium value at 414
10000 ppmV is 17.3% wt. versus 1.8%wt for pristine 415
ETS-10_1. Such hydrophilicity, rather similar to Al-enriched 416
zeolites, is explained by the hydrogen bonding network 417
provided by the organosilane molecules (with ether, hydroxyl 418
and imidazole functions) anchored on the crystal surface. 419
This observation is also consistent with the TGA results 420
shown in Table II. 421
B. Field Testing With Real Explosives 422
Unlike previously, the multisensing platform performance 423
working like hand-hold detection systems (see Fig. 4) is 424
depicted in Fig. 6., Fig. 7, and Fig. 8. 425
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TABLE VI
SENSING PERFORMANCE OF ETS-10 MODIFIED μ-CANTILEVERS FOR PETN AND C-4 DETECTION
Fig. 7. Evolution of the resonance frequency shift of the multisensing
platform in presence of vapors emanating from solid PETN at 343K.
Fig. 8. Evolution of the resonance frequency shift of the multisensing
platform in presence of vapors emanating from solid C-4 at 343K.
In particular, Fig. 6. shows the multisensing platform426
response to ambient air from the lab, used as reference. Despite427
the humidity content was rather similar to the previously428
studied in Table V, the observed tendencies are notably429
different. Working with complex environments involves a great430
number of unknown factors difficult to identify. Thanks to431
this blank assay, the reference baseline for each individual432
microsensor is established and conveniently used to discard433
the interferences from the background.434
Similary, Fig. 7. and Fig. 8. show the responses435
to the vapors emanating from PETN and C-4 solids436
at 343 K, respectively. As previously, the cantilever 4 437
coated with NH2/ETS-10_1 exhibits the most outstanding 438
performance in both scenarios dealing with solid explosives. 439
In principle, this behavior matches with the presence 440
of 4 and 3 electron-withdrawing nitro groups in PETN and 441
RDX molecules, respectively. However, the steady-state 442
response towards each vapor mixture does not differ 443
substantially. Once again, this observation underlines the 444
importance of acquiring numerous molecular properties on a 445
single measurement mode for a reliable classification. When 446
comparing with the blank assay results (see Fig. 6.), the 447
response of cantilever 3 towards PETN seems quite similar. 448
On the contrary, the response to RDX is even smaller than the 449
reference baseline. This behavior could be explained by the 450
hygroscopic character of some explosives. Thus, the C-4 solid 451
would behave as desiccant during the sample collection step. 452
Above all, it should be taken into account that the tested 453
explosives are essentially a complex mixture where plastifiers 454
and binders are commonly present. These additives, with 455
substantial vapor pressure, may act as interferences in the 456
recognition of the energetic materials. 457
Table VI compiles the values for yeq and t1 of the 458
multisensing platform upon exposure to the vapours emanating 459
from PETN and C-4 materials at 343K. One of the most 460
outstanding features is the improved response time of the 461
platform. The evaluated t1 values, with the exception of 462
those registered for IGPTS/ETS-10_1 coating, are always 463
below 10s. This behavior is due to the micropump pulling 464
(circa 500 mL(STP)/min) and the solid heating which 465
increases the vapor pressure of the molecules eluted from 466
the tested material. In spite of the huge differences in vapor 467
pressure of o-MNT, PETN and RDX species (see Table IV), 468
the pseudoequilibrium sorption values for real solid explosives 469
are higher than for taggants. In fact, what it may be recog- 470
nizing is not the explosive related molecules, and mainly the 471
concomitant additives. From the results herein obtained, it is 472
difficult to stablish a direct correlation among the concentra- 473
tion of the energetic substance and the yeq and t1 parameters. 474
For such purposes, a comprehensive characterization of the 475
multisensing platform as a function of the solid temperature 476
during sample collection would be required. 477
C. Explosives Recognition by Their Fingerprint 478
The previous experiments show the specific responses of 479
each μ-cantilever upon the exposure to different species in the 480
IE
EE
Pr
oo
f
8 IEEE SENSORS JOURNAL
Fig. 9. Differential responses of the ETS-10 modified μ-cantilevers upon
exposure to vapors of o-MNT (25 ppmV), PETN (solid at 343K) and
C-4 (solid at 343K).
gas phase. Although most of the results can be qualitatively481
explained on the basis of chemical interactions, some behav-482
iors diverge from what it is expected due to the complexity of483
the explosive mixture. Since a detailed study of each single484
possible molecular interaction with certain species in the gas485
phase is unaffordable, our sensing approach deals with the486
analysis of the overall fingerprint.487
For the purposes of this work, the fads/fbackground ratio488
(see Table VI) is identified as the characteristic parameter of489
the sensor performance with complex mixtures. This value490
reflects the differential response due to presence of additional491
extra species not present in the background (i.e. ambient air492
in the proximity of the solid explosive). Fig. 9 shows the as493
calculated values for the PETN and C-4 detection sequences.494
The experiments with the o-MNT taggant, analyzed on a495
similar basis, have been also included for a proper comparison.496
It is found that cantilever 4 coated with NH2/ETS-10_1 always497
reacts under the presence of nitro compounds, independently498
of the complexity of the ambient. For ETS-10_1 and ETS-10_2499
coatings, unexpected responses towards nitro based explosive500
compounds are observed due to the contribution of chemical501
interactions with the concomitant additives. In the case of502
hydrophilic IGPTS/ETS-10_1 coating, the response seems to503
be highly conditioned by the hygroscopic character of the504
solids.505
Due to the fact that each sensing nanoporous material506
classifies the complex vapor phase according to sorbent-507
sorbate molecular interactions, it is not necessary to identify508
each one of the individual chemical species. In our case,509
specific fingerprints have been obtained for three explosive-510
related molecules with a multisensing platform comprising511
four different μ-cantilevers. Undoubtedly, this approach512
can be naturally extended to dozens of μ-cantilevers for513
redundancy and reliability.514
IV. CONCLUSIONS515
Nanoporous ETS-10 type titanosilicates with promoted516
sorption properties towards nitroderivates type explosives517
have been synthesized. By using microdropping technique,518
an array comprising 4 Si μ-cantilevers coated with such 519
ETS-10 crystals has been prepared. The detection capabilities 520
of the multisensing platform have been successfully validated 521
for o-MNT taggant detection and two common explosives: 522
detonation cord filled with PETN, and C-4 plastic explosive 523
containing RDX. The experimental adsorption-desorption 524
frequency shift ratio (fads/fdes), and response time (t1) 525
defined for the 63% of the maximum signal have been 526
identified as the most relevant features of the molecu- 527
lar fingerprint provided by the platform. For field testing, 528
the fads/fbackground ratio outstands as the characteristic 529
parameter to discard the interferences from the surrounding 530
air. The multisensing platform comprising four different 531
μ-cantilevers leads to specific patterns for the three explosive- 532
related molecules. Among the tested, the cantilever 4 coated 533
with NH2/ETS-10_1 material exhibits the most outstanding 534
performance due to the electron deficient character of the 535
nitroderivates, and the electron donor properties of grafted 536
amine groups. 537
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